We consider a class of interacting dark energy models in a spatially flat and nonflat FLRW universe where the interaction is characterized by the modified evolution of the pressureless dark matter sector as a −3+δ(a) , in which a is scale factor of the FLRW universe and δ(a) is related to the interaction function. By assuming the most natural and nonsingular parametrization for δ(a) as δ (a) = δ0 + δ1 (1 − a) + δ2 (1 − a) 2 + ..., where δi's (i = 0, 1, 2, 3, ..) are constants, we reconstruct the expansion history of the universe for three particular choices of the dark energy sector; namely, the vacuum energy, dark energy with constant equation of state parameter, and dark energy having dynamical equation of state parameter using the observational data from cosmic microwave background radiation, supernovae Type Ia, baryon acoustic oscillations distance measurements and the Hubble parameter measurements at different redshifts. Our analyses show that although the observational data seem to allow a very mild interaction in the dark sector but within 68% CL, the non-interacting scenario is recovered. Our reconstruction technique shows that the parameters δ2 and δ3 are almost zero for any interaction model and thus the effective scenario is well described by the linear parametrization δ(a) δ0 + δ1(1 − a). We further observe that a strong negative correlation between δ0 and δ1 exists independent of different types of dark energy fluid and this is independent of the curvature of our universe. Finally, we remark that for the dark energy sector with constant and dynamical equation of state, the current value of the dark energy equation of state has a tendency towards the phantom regime.
ter sources with exotic equations of state, modification of Einstein's General Relativity and many others, see [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] and references therein.
In this work we shall deal with cosmological models where an interaction exists between the fluid terms in the dark sector; that is, the dark energy and dark matter do not satisfy the conservation equations independently. The conservation of energy is satisfied only for the combined dark sector. The interaction mechanism became focused and popular in the cosmological regime when such models were found to explain the cosmic coincidence problem [20, 21, 22, 23] , another crucial problem of modern cosmology. However, if one looks back into the literature, one can find that the original proposal of an interaction between the matter fields was motivated to explain the lowest value of the cosmological constant [24] . Now, in presence of an interaction, the conservation laws for the cold dark matter (CDM) and the dark energy (DE) can be recast as ∇ ν T µν c = −Q c and ∇ ν T µν x = Q x , where Q c = Q x = Q such that ∇ ν (T µν c + T µν x ) = 0. Here, Q is the energy transfer rate or the interaction function which characterizes the strength and direction of energy flow between the dark sectors; c, x stand for the CDM and DE sectors respectively. However, there is no pressing need to choose a particular form of the interaction, except perhaps the requirement that the interaction is non-gravitational, but indeed there are ways to choose an ansatz for the interaction rate and estimate the interaction parameters from available data.
The basic motivation for introducing the interaction is that there is no apriori reason for assuming that there is none. The interaction that is considered is certainly not gravitational, but there is hardly any preferred model for the interaction. We shall refer to quite a few of the works already there in the literature in relevant places, but for a very thorough review, we refer two works, one by Bolotin, Kostenko, Lemets and Yerokhin [25] and other work by Wang, Abdalla, Atro-Barandela and Pavón [26] .
In a Friedmann-Lemaître-Robertson-Walker universe, if the interaction is not present, then one can easily see that CDM sector, for which the pressure is zero, evolves as a −3 where a is the scale factor of this universe. Certainly, if we allow an interaction in the dark sector, then the evolution of the CDM will deviate from this usual evolution law.
A small deviation from the CDM evolution can be looked as a modification of the evolution of the matter density as a −3+δ , where δ could be either constant or variable. In the next section we shall show that such evolution of the CDM sector effectively reduces to a particular interaction function. If δ is treated as a variable, then one can explore several possibilities and moreover one can reconstruct the interaction using the observational data.
In this work we have considered that dark matter and dark energy interact with each other where the interaction is characterized by the evolution of the CDM sector: ρ c ∝ a −3+δ(a) where δ(a) is a time varying quantity. Since the dark energy could be anything, hence, we have considered three types of dark energy fluid, namely, the vacuum energy, dark energy with constant equation of state and the dark energy fluid with a dynamical equation of state. Finally, by using the observational data, we have reconstructed all the interacting scenarios.
The work has been organized in the following way. In section II we set up the basic framework of our study and introduce the models. Section III describes the observational data used to analyze the models. Then in section IV we discuss the observational constraints on the interacting models. Finally, we close the work with a brief discussion summarized in section V.
II. INTERACTING DARK ENERGY
Let us consider the homogeneous and isotropic universe described by the Friedmann-Lemaître-RobertsonWalker line elment ds 2 = −dt 2 + a 2 (t) dr
where a(t) is the expansion scale factor of the universe and K = 0, ±1 denotes the constant spatial curvature.
In the context of Einstein's General Relativity the main constituents of the universe are considered to be baryons, radiation, pressureless dark matter (cold dark matter) responsible for the structure formation of the universe and finally dark energy fluid that steers the late time acceleration of the universe. In addition to that, we consider that there is an interaction in the dark sector of the univserse. In particular, we consider that the cold dark matter (CDM) and dark energy (DE) are coupled to each other where DE has a barotropic equation of state parmater, that is, p x = w x ρ x , where ρ, p and w are the density, pressure and the equation of state parameter respectively, and the subscript x corresponds to DE. Due to the coupling between CDM and DE, the total conservation equation can be decoupled as followṡ
where the subscript c corresponds to CDM and Q is rate of interaction between the dark sectors already mentioned about in the introduction. Various phenomenological choices for Q have been widely studied in the literature [25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54] but no one is universally accepted. However, the interaction can manifest itself as a deviation from the standard evolution a −3 of CDM as given by [55, 56, 57, 58] ρ c = ρ c,0 a −3+δ(a) ,
where ρ c,0 is the present value of ρ c ; δ(a), that characterizes the effect of the interaction, can in general be varying with evolution and we assume that it is an analytic function of the scale factor. Here the present value of the scale factor is scaled to be unity. The flow of energy between the dark sectors depends on the sign of δ(a). Also, for δ(a) < 0, the evolution of the CDM sector is faster, while on the other hand, for δ(a) > 0, the evolution of the CDM factor is slower.
In the special case in which δ(a) = 0, the standard CDM evolution is recovered, i.e., ρ c ∝ a −3 , which indicates that there is no coupling or interaction between the CDM and DE. When δ(a) = constant, one recovers the cosmological scenarios discussed in [56, 57, 58] . For a variable δ(a), one particular ansatz was introduced in Ref. [59] , namely, δ(a) = δ 0 2a 1+a 2 , while we think that a detailed analysis will be worth in this direction. The rate of interaction with a varying δ(a) can be calculated as
where δ (a) is the differentiation of δ(a) with respect to the scale factor 'a'. Now, for the evolution of CDM as in eqn. (2) , one can write the DE density evolution as
where the new quantities ρ x,0 , ρ c,0 are the current values of ρ x and ρ c respectively; the functional f (a) is given by f (a) = exp 3 1 + w x a da , and f (1) is the value of f (a) at a = a 0 = 1. We assume that the function δ (a) is a smooth function, and can have a Taylor expansion around the present value of a = a 0 = 1 as
etc. We can reconstruct the δ i 's (i = 0, 1, 2...) and consequently the function δ (a) using the observational data. Such an approach has been applied in other facets of cosmology such as the reconstruction of the inflationary model [60, 61] .
The evolution of the energy density for the DE fluid, for such a fuction given by in eqn. (7) takes the form
when the Taylor expansion is taken only upto the first order,
Considering the next higher order terms in δ(a), in a similar fashion, one can calculate the evolutions of ρ x . In this work we consider upto the second and the third order expansion,
Now we introduce three equation of state parameters for the dark energy fluid which corresponds to three different scenarios as follows:
1. If CDM interacts with the constnat vacuum energy which is characterized by w x = −1.
2. When CDM interacts with a dark energy fluid having constant equation of state w x .
3. Finally, we consider a scenario where the interacting dark energy has a dynamical equation of state as
where w 0 , w a , are real parameters. This parametrization is well known in the literature as the Chevallier-Polarski-Linder (CPL) parametrization [62, 63] .
III. OBSERVATIONAL DATA
In this section we describe the main observational datasets that are employed to constrain the parameters of models of interacting dark energy scenarios.
Cosmic Microwave Background data (CMB):
Observations from the cosmic microwave background radiation plays a crucual role in constraining the cosmological models. Here we use the CMB data from the Planck's 2015 measurements [64, 65] . Precisely, we have used the CMB data which in notation is idenfified as "Planck TTTEEE+lowP".
Supernovae Type Ia (SNIa):
The Supernovae Type Ia (SNIa) data were the first observational data that indicated an accelerating phase of the universe at late-time. We take the latest joint light curves (JLA) sample [66] 
. We consider three different measurements, r s (z d )/D V (z = 0.106) = 0.336 ± 0.015 from 6-degree Field Galaxy Redshift Survey (6dFGRS) data [67] , r s (z d )/D V (z = 0.35) = 0.1126±0.0022 from Sloan Digital Sky Survey Data Release 7 (SDSS DR7) data [68] , and finally r s (z d )/D V (z = 0.57) = 0.0732 ± 0.0012, from the SDSS DR9 [69] .
Cosmic chronometers (CC):
The cosmic chronometers are some extremely massive and passively evolving galaxies in our Universe. We employ the recent cosmic chronometers data comprising 30 measurements of the Hubble parameter in the redshift interval 0 < z < 2 [70] . Here, we determine the Hubble parameter values through the relation H(z) = − (1/1 + z) dz/dt where the measurement of dz is obtained through the spectroscopic method with high accuracy. and the precise measurement of dt − the differential age evolution of such galaxies. As a result, a precise measurement of the Hubble parameter is obtained and thus, these measurements can be taken as model independent for the cosmological studies. For a detail reading on the cosmic chronometers we refer to [70] .
In order to constrain the interacting scenarions, we use a fastest cosmological package, namely the markov chain monte carlo package cosmomc [71, 72] equipped with the Gelman-Rubin statistics R − 1 [73] that determines the convergence of the chains. Moreover, we note that the package cosmomc supports the Planck 2015 Likelihood Code [65] (see http://cosmologist.info/cosmomc/, a publicly available code). The total likelihood for the models L ∝ e −χ 2 tot /2 , where χ 2 tot is given by
in which χ 2 i (i = CMB, JLA, BAO, CC) represents the χ 2 value for the i−th observational data. Finally, we note that for each analysis, we kept running the chains until we achive R − 1 < 0.1.
IV. RESULTS OF THE ANALYSIS
In this section we describe the observational constraints that are imposed on different interacting scenarios. In the first half of this section we shall consider the interaction scenarions in a spatially flat FLRW universe whilst in the last half of this section we concentrate on the interaction scenarions in presence of the curvature of the universe. For all the interacting scenarions we use the same dataset: CMB + JLA + BAO + CC.
A. Reconstruction of the interaction rate in a spatially flat universe
In this section, we shall describe the reconstruction of the interacting scenario for three particular types of the dark energy fluids, namely the vacuum energy, dark energy fluid with constant equation of state and finally a dark energy fluid with dynamical equation of state for a spatially flat universe. For the dynamical state parameter in DE, we choose the most used and well known state parameter, namely, the CPL parametrization [62, 63] .
The combined observational data for every analysis have been considered to be CMB + JLA + BAO + CC.
Interacting vacuum
We have reconstructed this interacting model using three steps. We first constrained the interacting model using δ(a) given in eqn (7) , that means for δ(a) = δ 0 + δ 1 (1 − a). The results of this analysis have been summarized in the second and third column of Table I . From the analysis, we see that the mean values of both δ 0 and δ 1 are nonzero while within 68% CL, both δ 0 and δ 1 allow their zero values, as one can see δ 0 = −0.1199
−0.1096 (at 68% CL) and δ 1 = 0.1173
−0.1474 (at 68% CL). That means the possibility of both interacting and non-interacting scenarios are allowed within this confidence-region. We also notice that the best fit values of δ 0 and δ 1 are indeed small and close to zero. For a better view of the behaviour of the parameters, in Fig. 1 , we show the 68% and 95% CL contour plots and the likelihood analysis for some selected parameters of the model. From Fig. 1 , we see that the parameters δ 0 and δ 1 are strongly negatively correlated. Thus, if one of δ 0 and δ 1 increases, the other one decreases leading to result that the interaction is hardly effective.
In the next step we extend the parametrization in (7) to (8) at 68% CL and the best-fit value: δ 2 = 0.000555) are very very small and close to zero. In addition to that, within 68% CL, δ 2 is allowed to have a zero value. In summary, we find that the new interaction parameter, δ 2 does not really contribute much. In Fig. 2 we show the corresponding contour plots and the one dimensional posterior distributions for some parameters.
Finally, we consider the parametrization (9) and repeat the similar analysis. We fix the values of δ 0 , δ 1 , δ 2 to their corresponding mean values obtained in the previous analyses and perform the fittings with the same set of observational data. We find that the new interaction parameter δ 3 is constrained to be extremely small (δ 3 = 0.000050 +0.001247 −0.001197 at 68% CL (mean value) and δ 3 = 0.000555 (best-fit value)) and effectively this does not substantially contribute to δ(a). In a similar fashion, in Fig. 3 we display different contour plots of the parameters and the one-dimensional posterior distributions for different parameters for this particular interaction scenario.
A natural question that one asks is, what happens if we consider the general parametrization of the interaction function in eqn. (9) , i.e., δ(a)
, and try to constrain δ i 's. The dimension of the parameters space is big and one apprehends that the degeneracies of the parameters would increase. Anyway, we also try this and fit this more general version with the same observational data CMB + JLA + BAO + CC and show the observational constraints on the model parameters in Table II . The contour plots for this analysis have been shown in Fig. 4 . The figure clearly shows that the parameters δ 2 and δ 3 are degenerate. That means, according to the present observational data, this interaction scenario with the general parametrization in eqn. (9) cannot be constrained well. That is the reason we made an attempt to constrain these parameters step by step, fixing the lower order parameters to their best fit values. However, an interesting feature that Fig. 4 exhibits is that although the parameters δ 2 and δ 3 are found to be degenerate, δ 0 and δ 1 are not and they are still strongly negatively correlated to each other. However, all the attempts indicate quite strongly that the effective δ(a) is determined by the first two parameters, that means, δ(a) δ 0 + δ 1 (1 − a).
Interacting DE with constant EoS other than vacuum
As a second interacting scenario we pick up a constant EoS in DE, w x . Our treatment is similar to the previous case, δ(a) given by eqns. (7), (8) and (9) .
We begin the analysis with the simplest case when δ(a) has form as in eqn. (7) . Using the same combined analysis, CMB + JLA + BAO + CC, we constrain the model parameters that are summarized in Table III . From the analysis, we see that the mean values as well as the best-fit values of (δ 0 , δ 1 ) are nonzero. In particular, the mean values of δ 0 and δ 1 are as follows: −0.2421 at 95% CL). Thus, one can see that within 68% CL, both δ 0 and δ 1 are definitely non-zero which is different from the previous scenario in section IV A 1. However, within 95% CL, their zero values are indeed allowed. From the observational constraints on the EoS in DE, a phantom scenario is suggested. We find that the mean value of the dark energy state parameter (w x = −1.055 +0.068 −0.062 at 68.3% CL) and its best-fit value (w x = −1.080) cross the phantom divide line, while in 68% CL, w x allows its quintessential character. In Fig. 5 we have shown the behaviour of the model parameters through their twodimensional contour plots. An worthwhile point that one must note is that, here too, the parameters δ 0 and δ 1 are strongly negatively correlated. Now, we proceed with the next step where we take the second parametrization of δ(a) given in eqn. (8) containing three parameters (δ 0 , δ 1 , δ 2 ). We fix the first two parameters, (δ 0 , δ 1 ) to their mean values from the previous analysis and constrain the remaining parameter δ 2 in order to reconstruct the scenario. The constraints on the model parameters have been shown in the fourth and fifth column of Table III and in Fig. 6 we show the 68% and 95% confidence-level contours for various combinations of the model parameters. Our analysis shows that the new interaction parameter δ 2 is extremely tiny with δ 2 = −0.000262 +0.001707 −0.001665 (at 68% CL) and within 68% CL, δ 2 = 0 is allowed. The dark energy equation of state parameter exhibits its phantom behaviour (both mean and best-fit values cross the phantom boundary w x = −1) but within 68% CL, it may be quintessential as well.
After that we consider the next parametrization (9) having four parameters (δ 0 , δ 1 , δ 2 , δ 3 ) following the same procedure as in section IV A 1, that means we fix the first three parameters to their corresponding mean values summarized in the last two columns of Table  III and constrain δ 3 . We find that this parameter is not significant in the sense that, it is very small taking δ 3 = 0.000166
−0.001609 (68% CL) which also recovers its null value in 68% CL. Furthermore, the mean and best-fit values of the dark energy state parameter are phantom where w x = −1.052
−0.059 at 68% CL while its quintessential nature is also allowed.
Thus, following the reconstruction mechnasism described in the three analyses above, it is clear that for the interacting scenario where dark energy state parameter remains constant, the parameters δ 2 and δ 3 in the parametrization (9) are insignificant.
We now exercise the general parametrization in eqn. (9) and wish to constrain all the four interaction parameters δ i (i = 0, 1, 2, 3) by starting with all of them as free. The dimension of the parameters space now becomes eleven. Thus, some of the parameters might be degenerate. We constrained this interaction scenario with the same combined analysis CMB + JLA + BAO + CC. The Table IV shows the constraints on the model parameters and in Fig. 8 we show the confidence-level contour plots for different combinations of the model parameters. The figure clearly shows that the last two interaction parameters in the general parametrization (9), i.e., δ 2 and δ 3 cannot be constrained well as expected. The parameters δ 0 and δ 1 are strongly correlated to one another with negative orientation, that means, although we increase the dimension of the parameters space, the relation between these two parameters seems to be unaltered.
Interacting DE with dynamical EoS
We now consider the interacting scenario between dark matter and dark energy where the dark energy has a dynamical equation of state. We choose a very widely used dynamical parametrization for DE namely 
2 in which we fix the values of (δ0, δ1) from the previous analysis. 
in which the values of (δ0, δ1, δ2) have been fixed from the previous analysis summarized in Table I. the Chevallier-Polarski-Linder (CPL) parametrization [62, 63] given in eqn. (10) . One may notice that the inclusion of CPL parametrization increases the parameters space compared to the other two interacting scenarios. However, the procedure is exactly same as that we adopted in the previous two analyses.
We first consider the parametrization of δ(a) = δ 0 + δ 1 (1 − a) of eqn. (7) and work out the observational fittings with the same combined analysis. Table V summarizes the mean and the best-fit values of the free and derived parameters of this model (see the second and third column respectively of Table V) . From Table V we see that the estimated mean and best-fit values of the parameters δ 0 , δ 1 are nonzero and within 68% CL, they are strictly nonzero, so within 68% CL, the observational data allow an interaction in the dark sector, however, within 95% CL, both of them allow their zero values and hence a non-interacting scenario as well. Looking at the current value of the dark energy state parameter, w 0 , a perfect quintessential scenario is observed from 
3 where the interaction parameters δi's are kept free. One can clearly notice that the parameters δ2 and δ3 are degenerate while the other parameters are not. 
3 , using the combined analysis CMB + JLA + BAO + CC. the mean (w 0 = −0.892
−0.152 at 68% CL) and best-fit (w 0 = −0.907) estimations while one may notice that, within 68% CL, −1.044 < w 0 < −0.741, implying that the phantom scenario is also allowed. In Fig. 9 we have shown the two dimensional contour plots for different combinations of the model parameters and the one dimensional posterior distributions for some parameters as well. Similar to the previous two interaction scenarios, we again observe that the parameters δ 0 and δ 1 are strongly correlated to each other in the negative orientation, and they together yield an insignificantly small value for δ.
As a second step, we consider the next parametrization (8) in this series having three free parameters δ 0 , δ 1 and δ 2 . We apply the same procedure, fix the parameters δ 0 , δ 1 to their corresponding mean values and constrain the interaction scenario aiming to constrain the third interaction parameter δ 2 . The results of the analysis have been summarized in Table V (fourth and fifth columns). We find that even if we allow the dark energy state parameter to be dynamical, but the interaction parameter δ 2 is very small, δ 2 = −0.000273
−0.001874 (68% CL constraint) and the zero value of δ 2 is allowed in this CL. The dark energy state parameter (the mean and best-fit values) shows its quintessential behaviour although within 68% CL, the phantom crossing is allowed.
Now we do the analysis with the last parametrization of δ(a) as in equation (9) where we fix the interaction parameters δ 0 , δ 1 , δ 2 from their previous analyses and constrain δ 3 using the same observational data. The observational constraints have been summarized in the last two columns of Table V where we find that δ 3 = 0.000207 +0.001854 −0.001865 at 68% CL and one can see that within this CL, δ 3 = 0 is possible. The current value of the dark energy state parameter is found to be w 0 = −0.905
(at 68% CL) which shows its quintessential character but phantom nature is still allowed. The allowance of the phantom state parameter in dark energy is further supported from its best fit value which crosses the phantom 
boundary.
Similar to the previous two interaction models, we constrain the scenario for the general parametrization of eqn. (9) taking all the interaction parameters δ i 's to be free. The dimension of the parameters space for this interaction scenario is twelve which is double of the dimension of the parameters space for the non-interacting ΛCDM model. We employ the same combined analysis and show the results of the free parameters in Table VI . And in Fig.  12 we also show the contour plots for different combinations of the free parameters. From the Fig. 12 , one can clearly see that in a similar fashion, the parameters δ 2 , δ 3 are degenerate, at least with the present astronomical data and again we come to the same conclusions for δ 0 and δ 1 already in earlier sections, the connection between these two parameters are not affected with the increase of the dimension of the parameters space. 
B. Reconstruction of the interaction rate in the nonflat universe
For the three particular type of the dark energy fluids, we now consider a universe with a nonzero spatial curvature. The model parameters are estimated against the same four observational dataset CMB + JLA + BAO + CC.
Interacting vacuum
In the beginning we consider that the interaction parameter δ(a) is characterized by its Taylor series expan- sion (7) with two free parameters δ 0 and δ 1 . We constrained this scenario with the same observational data and present the results in the second and third column of Table VII (at 68% CL), one can see that an interaction scenario is not really visible, at least for low values of z. Also (δ 0 , δ 1 ) = (0, 0) are also allowed by the data within 68% CL, which means that according to the observational data, the model hardly distinguishes between an interacting and non-interacting scenario. The best fit values of these parameters are also constrained to be small: δ 0 = −0.0662 and δ 1 = 0.0631. We also estimated the curvature of the universe,
2 , at present time, i.e., Ω K0 , for this interaction scenario. Our results show (see Table VII ) that both the mean and best-fit values of the curvature parameters are negative, that means Ω K0 < 0, which further means that Ω 0 < 1 (as we know Ω 0 = 1 + Ω K0 ). So, the possibility of an open universe is apparently suggested. But, within 68% CL, Ω K0 allows its positive and zero values. Thus, based on the observational constraints, we cannot arrive at a definite conclusion on the possible shape of the universe. However, in both the cases, one can see that, Ω K0 is a very small quantity and close to zero (Ω K0 = −0.00016 +0.00549 −0.00585 at 68% CL, i.e., −0.00601 < Ω K0 < 0.00533). In Fig.  13 we have clearly displayed the two dimensional contour plots between different variations of the parameters and the likelihood plots for some model parameters. We now point out one of the interesting observations from Fig. 13 . From this figure, one can see that the parameters (δ 0 , δ 1 ) are (strongly-) negatively correlated to each other, very similar to the interacting scenarios without the presence of curvature. So, one can realize that the presence of curvature cannot alter the behaviour of these two parameters. 
, using the combined analysis CMB + JLA + BAO + CC.
Following similar trend as in other interaction scenarios described in the previous sections, we now consider the extended parametrization of δ(a) given in eqn. (8) that includes one more free parameter δ 2 . We fix the values of (δ 0 , δ 1 ) to their corresponding mean values obtained from the analysis with eqn. (7) and constrain the model with one parameter left, i.e. δ 2 . The observational summary has been given in the fourth and fifth column of Table VII. Fig. 14 displays the one dimensional posterior distributions for some selected parameters plus two dimensional contour plots. From the analysis, we see that, δ 2 is very very small (δ 2 = −0.000066
+0.002264
−0.002243 at 68% CL) and within 68% CL, δ 2 = 0 is allowed. Now, in the estimation of the curvature parameter, we have a slight different result. From the analysis we see that (see the fourth and fifth column of Table VII), the mean value of Ω K0 is negative − an indication for an open universe, although, within 68% CL, its zero value is still allowed (i.e., spatial flatness), but, the best-fit value of Ω K0 is positive − an indication for a closed universe. One can clearly notice that Ω K0 is sufficiently small, Ω K0 = −0.00032
−0.00424 (at 68% CL) but higher than the order of the radiation density at present (O(10 −4 )). We discuss the last parametrization of δ(a) in eqn. (9) and fix the parameters δ i 's (i = 0, 1, 2) to their estimated mean values, see Table VII and wish to constrain the remaining free interaction parameter δ 3 . The results of the analysis have been summarized in the last two columns of Table VII and in Fig. 15 we present the graphical behaviour of the free parameters of the model. From the analysis one can see that the interaction parameter δ 3 is very small with δ 3 = −0.000041
−0.002167 (68% CL) where δ 3 = 0 is also allowed. The curvature parameter is constrained to be, Ω K0 = −0.00024
−0.00404 (68% CL) and its best fit value is also negative (Ω K0 = −0.00305). So, one can see that, the mean and best-fit value of the curvature density parameter suggest the possibility of an open universe while the closed universe scenario is allowed within 68% CL. But, overall, the curvature density parameter is close to zero but let us note that, the order of the curvature parameter is higher to that of the order of the radiation density at present (O(10 −4 )). We now consider the general parametrization for δ(a) given in equation (9) and constrain the interaction model using the same datasets. See Table VIII and Fig. 16 for summary. Including the expected degeneracies in the values of δ 2 and δ 3 , all conclusions remain the same.
Interacting DE with constant EoS other than vacuum
We now focus on the observational constraints on the interacting scenario when the universe has a nonzero curvature and the dark energy has a constant state parameter w x .
We start with the parametrization δ(a) = δ 0 +δ 1 (1−a) of eqn. (7) and constrain all the model parameters with the combined observational data that we have already mentioned. The summary of the observational constraints has been given in the second and third column of the Table IX and at 95% CL). However, one can clearly notice that within 68% CL, δ 0 = 0 and δ 1 = 0 are also allowed by the data. Additionally, the best-fit values of δ 0 , δ 1 are also close to zero. Regarding the dark energy state parameter, we see that both the mean and best-fit values of w x suggest a phantom dark energy. Precisely, the 68.3% CL constraint on the state parameter is, w x = −1.046 +0.070 −0.058 (68% CL) that also includes its quintessential nature and it is close to the cosmological constant boundary. Furthermore, from the curvature parameter, Ω K0 = −0.00053
(at 68% CL) one may see that since its error bars are bigger compared to its mean value, thus, the possibilities of open, closed and flat universe are all allowed. About the nature of the parameters δ 0 and δ 1 , we have exactly similar conclusion (Fig. 17) as mentioned in other interacting scenarios.
We now consider the second parametrization, i.e., eqn. (8) and fix the first two free parameters δ 0 and δ 1 to their corresponding mean values obtained from the previous analysis (columns second and fourth of Table IX). We find the parameter δ 2 is very small, δ 2 = 14: Non-flat universe: 68% and 95% CL contour plots for different combinations of the free parameters for the interacting vacuum scenario where the interaction is parametrized by δ(a) = δ0 + δ1(1 − a) + δ2(1 − a) 2 in which we fix the values of (δ0, δ1) from the previous analysis but left δ2 as a free parameter. The combined observational data we set to be CMB + JLA + BAO + CC. TABLE VII: Reconstruction of the dark matter-dark energy interaction scenario for the interacting vacuum universe in the nonflat universe using the combined analysis CMB + JLA + BAO + CC. 
3 in which we fix the values of (δ0, δ1, δ2) from the previous analysis but left δ3 as a free parameter. The combined observational data we set to be CMB + JLA + BAO + CC.
−0.000249 +0.002384 −0.002470 (68% CL) and hence no effective contribution to δ(a) as in the previous cases. The dark energy state parameter exhibits its phantom character, w x = −1.043 +0.069 −0.063 (68% CL). Although from the estimation of w x , we find its quintessential character is not ruled out either. The density parameter corresponding to curvature, Ω K0 = −0.00075
−0.00441 (68% CL) indicating an open universe, but, within this confidence-region, both closed and flat universes are also allowed. We further note that the estimation of the curvature parameter is slightly higher compared to the present day radiation density (O(10 −4 )).
After this we take the last parametrization of this series, i.e., equation (9) where similar to the previous cases, we fix the first three parameters δ 0 , δ 1 and δ 2 and constrain δ 3 . The results are summarized in the last 
68.28
TABLE VIII: Reconstruction of the dark matter-dark energy interaction scenario for the interacting vacuum universe for the nonflat universe using the general parametrization δ(a) = δ0
The combined analysis has been set to be CMB + JLA + BAO + CC. two columns of Table X and the corresponding graphical variations are shown in Fig. 19 . We found that δ 3 is very small and the dark energy state parameter w x , always represents a phantom universe (both mean value: w x = −1.045 +0.067 −0.061 at 68% CL and best fit value w x = −1.072, cross the phantom divide line) while from the mean value of w x , its quintessential character is still allowed within 68% CL. We find that |Ω K0 | is higher in this case compared to previous two analyses with equations (8) and (7). Now, as usual, we constrain this interacting scenario for the parametrization δ(a) = δ 0 +δ 1 (1−a)+δ 2 (1−a) 2 + δ 3 (1 − a) 3 where all the interaction parameters δ i 's are kept free. The results of the analysis have been presented in Table X and the corresponding graphical variations are displayed in Fig. 20 . From this figure, one can clearly see that although δ i 's for i = 2, 3 are not well constrained by the present data, but, the behavior of δ 0 and δ 1 are again not altered as significantly. 
, in which we fix the first three intercation parameters (δ0, δ1, δ2) from the previous analyses. The combined data for this analysis have been set to be CMB + JLA + BAO + CC.
Interacting DE with dynamical EoS
Finally, we discuss the interacting model in the nonflat FLRW universe when the dark energy equation of state is dynamical, given by the CPL parametrization, eqn. (10) .
We begin with the first parametrization δ(a) = δ 0 + δ 1 (1 − a) of eqn. (7) . The observational constraints on the model are shown in the second and third columns of Table XI . In Fig. 21 we present the corresponding graphical analysis. Our analysis reveals as usual that both δ 0 and δ 1 are non-null but within 68% CL, both of them allow zero values. The dark energy state parameter shows its quintessential behaviour as, w 0 is w 0 = −0.910
−0.184 (at 68% CL). The best fit value of w 0 is also greater than −1. However, the phantom character of w 0 is still allowed within the 68% CL where −1.095 < w 0 < −0.758. For the curvature parameter, one may conclude that the mean and best-fit values of Ω K0 suggest an open universe, but indeed, the statistical analysis includes the closed universe since within 68% CL, −0.00981 < Ω K0 < 0.00238, which also includes the flat case Ω K0 = 0. From Fig. 21 we again conclude that, irrespective of the dynamical nature in the DE state parameter, the negative correlation between δ 0 and δ 1 exists and such correlation is very very strong.
We then start with the second parametrization of δ(a), i.e., equation (8) where we fix the two parameters δ 0 and δ 1 to their obtained values, and constrain the interacting scenario with the same astronomical data. The results are summarized in in the fourth and fifth columns of Table XI and Fig. 22 . Our results show that δ 2 assumes a very small value. The mean value of δ 2 is, δ 2 = 0.000350 +0.002540 −0.002261 (68% CL) and its best fit value is, −0.000517. Thus, one can see that the contribution of δ 2 towards the interaction parameter δ(a) is insignificant. While on the other hand, the present value of the dark energy equation of state keeps its quintessential character (see Table XI ), although the observational data allow it to cross the phantom divide line, since within 68% CL, −1.102 < w 0 < −0.828. For the curvature parameter, our conclusion follows the similar statements made in earlier sections.
After the fittings with first two parametrizations, namely, (7) and (8), we start with the next parametrization (9) and fit the interacting scenario where we fix the first parameters δ 0 , δ 1 , δ 2 and constrain the last parameter δ 3 along with other free parameters. The summary is given in the last two columns of Table XI and in Fig.  23 we display the one dimensional posterior distribution 
The combined data for this analysis have been set to be CMB + JLA + BAO + CC. 
3 using the combined analysis CMB + JLA + BAO + CC.
along with the two dimensional contour plots for several combinations of the model parameters. The conclusion is that δ 3 is very small and hence there is no effective contribution to δ(a); the mean value of the dark energy state parameter crosses the '−1' boundary although it may be quintessential in 68% CL; and the curvature parameter assumes the negative value (indication for an open universe) while the postive and zero values are allowed by the data.
As the last example, we take the general parametrization δ(a) = δ 0 + δ 1 (1 − a) + δ 2 (1 − a) 2 + δ 3 (1 − a) 3 and constrain the interacting scenario using the same combined analysis employed throughout this work. The results have been summarized in Table XII and the graphical dependence between several free parameters including the one dimensional posterior distributions and the two dimensional contour plots are shown in Fig. 24 . From  Fig. 24 , one can see that the parameters δ 2 and δ 3 are not properly constrained since from the analysis we cannot put any upper or lower bounds on them. This is not surprising because we already mentioned that the parameters space for this interaction scenario increases considerably compared to the previous interaction models and one may expect such degeneracy in the parameters. From Fig. 24 , one can see that the strong negative correlation beteween δ 0 and δ 1 does not change. This is probably the most important finding of this work because such nature is independent of the curvature of the universe and with the dimension of the parameters space under consideration. a) , where the interaction is parametrized by δ(a) = δ0 + δ1(1 − a) + δ2(1 − a) 2 + δ3(1 − a) 3 . The combined analysis is CMB + JLA + BAO + CC.
V. SUMMARY AND DISCUSSIONS
In the present work we focus on a specific class of interacting models where we denote the presence of interaction through the deviation in the evolution law of the standard cold dark matter sector; we assume that the evolution of CDM is governed by the law ρ c ∝ a −3+δ(a) , where δ(a) is assumed to evolve and any δ(a) apart from its null values, reflects the interaction in the dark sector. The flow of energy can be characterized with the sign of δ(a). For instance, δ(a) < 0 implies an energy flow from CDM to DE while its positive value indicates the flow of energy from DE to CDM. As the functional form of δ(a) is not known, we take a standard approach − the Taylor series expansion of δ(a) around the present scale factor a 0 = 1 as follows δ (a) = δ 0 + δ 1 (1 − a) + δ 2 (1 − a) 2 + δ 3 (1 − a) 3 + ... where δ i 's, i = 0, 1, 2, 3, .., are constants with δ 0 as the current value of the parameter δ(a). However, the consideration of a large number of free parameters in a cosmological model generally increases the degeneracy amongst the parameters and it is naturally expected that the observational analysis with the entire parametrization (9) might be plagued with this issue. In the present work we have performed two separate reconstructions of the interaction scenarios. To start with, we consider the Taylor series expansion up to its second term, i.e. δ(a) = δ 0 + δ 1 (1 − a) and constrain the interaction parameters, δ 0 and δ 1 . Next we increase one more term in the Taylor expansion as δ (a) = δ 0 + δ 1 (1 − a) + δ 2 (1 − a) 2 , but this time, we fix the free parameters (δ 0 , δ 1 ) of this Taylor expansion to their corresponding mean values obtained in the previous analysis with the parametrization δ(a) = δ 0 + δ 1 (1 − a) , and constrain the free parameter δ 2 . In a similar fashion, we consider the final parametrization in this series, δ (a) = δ 0 +δ 1 (1 − a)+δ 2 (1 − a) 2 +δ 3 (1−a) 3 , and similarly we fix the values of (δ 0 , δ 1 , δ 2 ) from the previous analyses and constrain the last interaction parameter δ 3 . We note that, in a similar way, one can continue with more free parametrizations. But from the present analysis we find that the parameters δ 2 and δ 3 are in fact very small so that effectively the terms containing δ 2 , δ 3 might be neglected, and any further generalization is hardly expected to improve the analysis.
Then we consider the full parametrziation upto third order, δ (a) = δ 0 + δ 1 (1 − a) + δ 2 (1 − a)
where we consider the parameters δ i 's to be free and constrained all the interaction scenarios. The analyses performed with this entire parameterization now reflect that the parameters δ 2 and δ 3 are indeed degenerate as expected. In the following we briefly mention how the interaction parameters behave with different dark energy models.
We have considered three dark energy models for both spatially flat and curved universe with various parameterization of the interaction. But in all these diverse models, there is a very strong indication that there is hardly any interaction in the dark sector of the universe. Even if there is any, that should have been in a distant past. The present dark matter and dark energy hardly infringe upon the independent evolution of each other.
